Cellulose is an abundant renewable resource that can be efficiently hydrolysed to glucose by microbial enzymes. This suggests many attractive possibilities based either on removal of the cellulose or utilization of the glucose (Table  1) . Removal of cell walls or crude fibre can release valuable components (flavours, polysaccharides, enzymes, other proteins) from plant cells; improve the nutritional value of press cakes and other high-fibre feeds; or release plant protoplasts for genetic research and development with higher plants. The glucose, which retains the chemical energy of the cellulose, is a simple, soluble, stable molecule, easily separated from the digest, and more readily usable for human or animal food or for production of chemicals. Since cellulose is a major component of residential, industrial, or agricultural waste, a process substrate might be inexpensive, and pollution abatement a fringe benefit. In the past 10 years, there has been generous support for production of fuel alcohol from cellulose (Table 2) . This has attracted able researchers who have made many significant process advances in enzyme production, pretreatments, evaluation of substrates, and utilization of the products. Despite this, only small-scale and research applications of cellulases exist today, and no significant commercial process utilizing cellulase has yet been launched. This is very frustrating because cellulose is the only renewable resource available in sufficient quantity to support large-scale industrial processes. Increasing utilization of starch (or sucrose) much beyond the present levels would create too many problems of rising food prices, reduced grain exports and soil erosion, as marginal land is brought under cultivation. Furthermore, because petroleum is consumed in producing pesticides, fertilizers and farm equipment, and in growing and processing grain, the net reduction in petroleum usage when grain is converted to ethanol is disappointing. Lignin is the only other abundant renewable carbon compound, but so far no one has proposed a method for producing useful, stable intermediates from lignin.
The problem is, of course, economics, and specifically the high cost of the enzyme. It is not that cellulase is unduly expensive per kilogram. For Trichoderma reesei, advances in strain improvement and fermentation development permit us to produce titres of over 20g of cellulase protein/l and to achieve production of over 200mg of extracellular enzyme protein/l per h. On this basis we should have a process comparable with the glucose-from-starch process. Unfortunately, the specific activity of cellulase is very low on insoluble cellulose, only 0.6-0.7 filter paper cellulase units/mg of protein. Glucoamylase has a specific activity Furthermore, the efficiency (ratio of achieved hydrolysis to that predicted by the unit value) is also low, only 10-20% in extended hydrolysis, so that very large quantities of cellulase are required for useful saccharification. To achieve 50% conversion of a realistic pretreated substrate in 24h, the requirement is -10-20 filter paper cellulase units (1 5-30mg of enzyme protein)/g of initial substrate (Table 3) . Because of this, there has been an eager search for new strains and mutants which produce enzymes of higher specific activities and greater efficiency due to improvements in properties such as ability to degrade crystalline cellulose, resistance to product inhibition, and stability. To date, such strains and mutants have not been
found. It appears possible that a low specific activity and poor efficiency of cellulase are not the 'fault' of the producing organisms, but are inherent in the physical nature of cellulose and the interactions of a multiple-enzyme system with a complex insoluble substrate. Kinetic analysis of cellulose hydrolysis has frequently been attempted, but is difficult because steady-state assumptions do not apply. The nature of the residual substrate is altered by the action of the enzymes. This is an important difference from enzyme reactions on simple soluble substrates. Only a complete cellulase containing adequate levels of endo-and exo-/3-glucanases and cellobiase can achieve significant hydrolysis of insoluble cellulose. The rate and extent of hydrolysis are dependent both on the composition and concentration of the cellulase system, and on the nature, pretreatment and concentration of the cellulose substrate. Initial hydrolysis rates are rapid even for resistant substrates, but the rate declines as hydrolysis proceeds. For more susceptible substrates the rapid phase is more extensive and the levelling off value is greater. Similarly, increasing enzyme concentration increases the extent of the rapid phase and the levelling off value. When we evaluated more than 200 substrates at Natick. we found that about 25% of all the sugar we would ever get was produced in the first hour, 50% in the first 4h, and 90% or more in the first 24h. If the percentage of saccharification at a given time is plotted against the log of the ratio of enzyme units to grams of initial substrate, a straight line relationship is often found from about 20-90% conversion. Favourable actions such as more effective , 1981) . Some of the decline in hydrolysis rates with time is due to factors such as substrate depletion, product inhibition and enzyme inactivation, as would occur with any substrate. However, the decline is also due to decreased susceptibility of the residual substrate, presumably because the more accessible and susceptible portions of the cellulose are more rapidly consumed. Re-treatment of resistant residues, for example by ball milling, restores their enzyme susceptibility (Chose & Kostick, 1969) . The specific activity and efficiency of the enzyme are dependent on the physical properties of the cellulose. These are determined by its history including pretreatment and enzyme action. Two important factors affecting enzyme susceptibility are crystallinity and available surface (Fan et a[., 1980) .
Cellulose substrates, such as fibrous cotton, that have a high crystallinity index, are very resistant to enzyme action. Amorphous substrates such as dissolved and re-precipitated cellulose are more readily hydrolysed. Many successful pretreatments such as milling, alkali swelling, or dissolving and re-precipitating, increase the percentage of amorphous cellulose. However, the increase is not always proportional to the increase in susceptibility, and some excellent pretreatments, such as steam explosion, do not affect the crystallinity index. An increase in crystallinity during enzyme hydrolysis has frequently been measured (Ohmine et al., 1983) .
For an insoluble substrate, the surface area available to the enzyme is a more relevant measure of concentration than weight per unit volume. Many effective pretreatments increase surface area either by reduction in particle size (milling) or by removal of interfering substances, such as waxes, resins, lignins and hemicelluloses, by treatment with solvents, acids, alkali or enzymes. Frequently, these pretreatments also reduce crystallinity. Means of measuring available surface are less satisfactory that the techniques for measuring crystallinity. Adsorption of nitrogen or iodine has been used, but these molecules can enter small cracks and pores that are not accessible to the enzyme. Lee et al. (1982) found that specific surface area increased when cellulose was ball-milled, alkali-swelled, or dissolved and reVol. 13 precipitated, but fell when cellulose was compressionmilled. All of these pretreatments reduced crystallinity and increased enzyme susceptibility. Fan et al. (1980) found increases in both specific surface area and surface area per unit volume during the initial rapid phase of enzyme hydrolysis when cellulose susceptibility was rapidly declining. Attempts have been made to differentiate surfaces by solute exclusion. The concentration of dextran or other large solutes will increase in a solution in contact with cellulose as the solvent enters pores that are too small for the solute. Stone et al. (1969) found a linear relation between the initial reaction rate and surface area accessible to molecules of 4.0nm diameter. The most direct measure of available surface is adsorption of protein, preferably cellulase itself. When this procedure is used, the rate of hydrolysis is proportional to the measured surface area (Berezin & Klesov, 1981) .
Cellulases, particularly the cellobiohydrolases, are strongly inhibited by the product, cellobiose. Cellobiose inhibition is more marked for more crystalline and resistant substrates (Ryu et al., 1982) . P-Glucosidases hydrolyse the cellobiose to glucose, alleviating this product inhibition. Trichoderma cellulases have about 0.2 cellobiase units/filter paper cellulase unit. This is a good balance for growth on cellulose so that the cellobiose is entirely converted to glucose, which is consumed by the fungus and does not normally accumulate in the culture fluids. However, the P-glucosidase enzymes are subject to product inhibition by glucose which accumulates in a hydrolysis reactor. Therefore, cellobiose concentration increases and the cellulases are inhibited. Attempts to increase levels of cellobiase without reducing cellulase levels in Trichoderma preparations have not been successful. However, supplemental cellobiase from Aspergillusphoenicis (or other source) can be produced in quantity and has a very favourable effect on the rate and extent of cellulose hydrolysis (Allen & Sternberg, 1980) . At a level of I -I .5 cellobiase units/filter paper cellulase unit, the cellulase requirement to achieve 50% hydrolysis in 24h is reduced by 50%. Since cellobiase has a high specific activity (at least 150 units/mg of protein), the enzyme protein requirement is moderate, and the cost per unit much lower than for cellulase. Also, since the substrate is soluble, the enzyme can be immobilized, recovered, and re-used.
When a cellulase solution is mixed in a hydrolysis reactor with insoluble cellulose, the cellulase is rapidly adsorbed. With concentrated slurries as would be used in a hydrolysis reactor, and cellulase at 10-20 filter paper units/g of substrate, more than 90% of the cellulase is removed from solution in IOmin. Cellobiohydrolases are more strongly adsorbed than the endo-B-glucanases. Cellobiase is only weakly adsorbed. Adsorbed enzyme is held very tenaciously and is difficult to remove by washing with water or dilute buffer.
It is obvious that cellulase must be adsorbed before an enzyme-substrate complex can be formed. We know from the work of Wood and others (see Wood, 1985) that purified components have little action on crystalline cellulose. In the cellulase solution, most of the components are free and will usually be adsorbed independently. Therefore, much of the cellulase is rapidly removed from action to form persistent unproductive enzyme substrate complexes. Only those endo-and exo-glucanases that are adsorbed in close proximity will be able to carry out hydrolysis and return to solution. Most of them will the be re-adsorbed, usually as isolated and unproductive components. This would seem to be an important factor in the low specific activity of cellulase, and the rapid decline in hydrolysis rates. When cellulases are more concentrated, there will be a greater chance of endo-and exo-glucanases being adsorbed together. This should result in a greater extent of the rapid phase of hydrolysis and a higher levelling off value (Gilbert & Tsao, 1983; Ryu et al., 1984) .
Research opportunities
Let us not be discouraged. Total hydrolysis of pure cellulose or the cellulose fraction of waste materials by enzymes has been demonstrated and 10% glucose syrups have been produced from milled newspaper in 8 h on a 400 litre scale. There are many research opportunities to improve the economics. Mutants producing greater quantities of cellulase are available, and high-productivity fermentations have been developed. Further advances along these lines are likely as newer genetic engineering techniques are applied. New strains may be found or developed that produce enzymes of significantly higher specific activities. Improved pretreatments that are effective and economical may reduce the enzyme requirement. When cellulose is digested the enzymes do return to the solution. Means of stabilizing enzymes under reactor conditions and of desorbing enzymes from undigested residues can lead to significant recovery and re-use. Further research on the nature of synergism and enzyme substrate interactions may lead to innovative advances. Can we add something to the hydrolysis reactor to reduce slightly the affinity of the cellulase components for cellulose so that they will more readily desorb and form active complexes? Surfactants would seem to be likely candidates, but so far their addition has not led to significant increases in extensive hydrolysis. Can some way be found to bind the endo-and exo-glucanases together in an active complex?
Meantime, cellulases have many potential applications for which the enzyme requirements are more modest (Table  1 ). The growth of cellulolytic fungi on cellulosic wastes followed by an enzymic digestion phase has great potential for producing animal feeds. The remarkable secretion of extracellular soluble protein of a good amino acid composition and free of undesirable cell components will surely be exploited for production of cell-free protein for animal or human food. This protein can readily be separated from hydrolysis residues by filtration and from soluble media components by gentle heat coagulation at acid pH.
The problems are difficult, but the pursuit of solutions will be very interesting, and the potential rewards are large.
